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ABSTRACT: Lithium−sulfur battery (LSB) as one of the most promising
energy storage devices suffers from poor conductivity of sulfur and fast capacity
decay triggered by the dissolution of polysulfides. In this work, functionalized
carbonized mesoporous wood fiber (f-CMWF) is employed as a host to
accommodate sulfur for the first time. Natural wood microfiber has unique
hierarchical and mesoporous structure, which is well-maintained after carbon-
ization. With such a hierarchical mesoporous structure, a high sulfur loading of
76 wt % is achieved in CMWF electrodes. The pore size of CMWF is tunable by
atomic layer deposition (ALD) of a 5 nm Al2O3 coating to form the f-CMWF.
Such a thin layer slightly decreases the sulfur loading to 70%, but it remarkably
promotes the cyclic stability of sulfur cathode, which delivers an initial capacity
of 1115 mAh g−1, and maintains a reversible capacity of 859 mAh g−1 for 450
cycles, corresponding to a slow capacity decay rate of 0.046% per cycle. More
importantly, natural wood microfiber is first used as a raw material for sulfur
encapsulating. This work is also critical for using low cost and mesoporous biomass carbon as bifunctional scaffold for LSB.
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■ INTRODUCTION

The ever-increasing demand for high-energy rechargeable
batteries has driven the battery community to develop new
electrode materials with higher specific capacity than the
traditional intercalation-based ones, such as LiCoO2 and
LiFePO4. Due to the low cost, large availability, environmental
benignity, and high energy density of sulfur cathode, lithium−
sulfur batteries (LSBs) have received considerable research
interest.1−6 The theoretical capacity of sulfur cathode is 1672
mAh g−1, corresponding to a high energy density of 2600 Wh
kg−1, which is 3−5 times higher than the conventional
intercalation-based cathodes.7−9 Though the LSB is considered
one of the most promising rechargeable batteries, there are still
three intrinsic challenges which significantly impede its large-
scale application: (1) The dissolution of polysulfide inter-
mediates during charge/discharge results in low Coulombic
efficiency and rapid capacity decay. (2) Low utilization of sulfur
induced by the extremely low conductivity of S and Li2S
reduces the capacity and power density. (3) The stress/strain
caused by the significant volume change of 76% between sulfur
(2.03 g cm−3) and Li2S (1.66 g cm−3) destroys the electrode
integrity.10−19

In the past decade, significant progress has been made to
overcome these three challenges. In 2009, Nazar’s group

reported that mesoporous carbon encapsulated sulfur cathode
showed superior electrochemical performance, where the
carbon matrix improved the conductivity of sulfur cathode
and a polymer layer coating effectively trapped the polysulfide
intermediates.20 Inspired by this, a large number of carbona-
ceous materials including porous carbon, carbon nanotube
(CNT), graphene, graphene oxide (GO), and carbon nanofiber
have been investigated to further improve the performance of
sulfur/carbon composites.21−30 However, good performance of
LSB is normally expected at low sulfur loading (30−60 wt %),
resulting in a low overall capacity.31 When sulfur loading is
higher than 70 wt %, it is very difficult to retain the high cycling
stability. Therefore, stable and high sulfur loading sulfur/carbon
cathode is heavily desired for LSB.
Natural wood microfiber, an inexpensive, abundant, renew-

able and environmentally benign natural resource, is an ideal
precursor for porous carbon. More interestingly, the naturally
hierarchical and mesoporous structure in wood microfiber can
be well-maintained after carbonization, which is an excellent
candidate to confine the polysulfides during electrochemical
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reactions. As shown in Figure 1a,b, the wood microfibers in the
trees have numerous multichannels to allow the transport of

nutrients such as water, ions, and small molecules in the tree for
metabolism. Each wood microfiber consists of mesoporous
channels (Figure 1b) to facilitate the transport of nutrients. The
high porosity enables the wood microfiber to be a promising
host for sulfur. However, since natural wood microfiber is
insulating, a thin layer of conductive material, such as carbon
nanotubes, has to be deposited on the fiber to act as electron
transfer medium.32−34 To endow the fiber with excellent
electrical conductivity and meanwhile maintain the unique
mesoporous structure, high-temperature carbonization is used
to carbonize the natural wood fiber (Figure 1c) to mesoporous
carbon fiber (Figure 1d) in this work. The mesoporous and
multichannel structure of wood microfiber has been demon-
strated to have excellent performance in supercapacitor,
sodium-ion batteries, and microbial fuel cell.35−39 However, it
has not been explored as a host for sulfur cathodes.
Taking advantage of electrode manufacturing, a free-standing

carbon film is fabricated from wood microfiber electrode by
high-temperature treatment. Then, a thin layer (5 nm) of Al2O3
is coated on CMWF to form a functionalized CMWF (f-
CMWF), as shown in Figure 1e. There are three major
advantages of ALD Al2O3 for stabilizing sulfur in the CMWF:
(1) Al2O3 is a very stable substrate in the free-standing sulfur
electrode since it cannot react with either CMWF or sulfur. (2)
The thickness of Al2O3 layer is controllable in the nanoscale by
ALD. (3) The synthesis of Al2O3 by ALD is through gas-phase
reaction on the surface of carbonized mesoporous wood fiber,
so the reaction precursor gas can migrate into the small pores
of the carbonized mesoporous wood fiber to generate Al2O3
layer inside the pore and reduce the pore size and volume in
the carbonized mesoporous wood fiber. Sulfur is infused into
the f-CMWF by a sealed vacuum glass tube technique, giving a
sulfur/carbon cathode.40,41 The obtained f-CMWF with smaller
pore size to entrap small sulfur molecules, maintains the unique
hierarchical and mesoporous structure of wood microfiber, and

can accommodate up to 70 wt % sulfur, which is among the
highest mass loading in the reported work.42 The S/f-CMWF
cathode (Figure 1f) displays an initial capacity of 1115 mAh g−1

at 400 mA g−1, and maintains a reversible capacity of 859 mAh
g−1 for 450 cycles, corresponding to a very slow capacity decay
rate of 0.046% per cycle. In addition to the high sulfur loading,
the free-standing S/f-CMWF cathode is a current collector-free,
binder and conductive additive-free electrode, which contains
negligible electrochemical inactive component. It is noteworthy
that it is very difficult to achieve high long-term cyclic stability
in lithium sulfur batteries when sulfur-loading is close to or
above 70 wt %. In recent work, Ye et al. reported a multiwall
carbon nanotube porous microspheres encapsulated sulfur
cathode with 70 wt % sulfur loading, and good cyclic stability
can be maintained for 100 cycles.43 Jin et al. loaded 85.2 wt %
sulfur in carbon nanotubes with a good cyclic stability for 150
cycles.44 Fang et al. fabricated a cable-shaped lithium sulfur
battery with 68 wt % sulfur loading, which shows stable cycle
life for 200 cycles.45 In our work, the free-standing S/f-CMWF
cathode can deliver a reversible capacity of 859 mAh g−1 for
450 cycles, representing one of the best sulfur cathodes with
high sulfur loading (>70 wt %) to date. More importantly,
natural wood microfiber is first used as a raw material for sulfur
encapsulating. This work is also critical for using low-cost and
mesoporous biomass carbon as bifunctional scaffold for lithium
sulfur batteries.

■ RESULTS AND DISCUSSION
To confirm that the unique hierarchical and mesoporous
structure of wood microfiber is well-maintained after carbon-
ization, scanning electron microscopy (SEM), transmission
electron microscopy (TEM), and Brunauer−Emmett−Teller
(BET) characterizations are performed to check the structure
and porosity of CMWF derived from trees. Figure 2a shows a

photograph of the free-standing and flexible carbon film derived
from wood microfiber. The fiber morphology is well-
maintained after carbonization as shown in Figure 2b. The
percolated carbonized fibers ensure an efficient electron transfer
along the fibers. When focused on the surface of each carbon
fiber, numerous small pores in carbon fibers can be observed in
Figures 2c and S2. The pores, which facilitate the diffusion of

Figure 1. Schematic of the hierarchical and mesoporous structure of
natural wood fiber. Al2O3 (5 nm) is deposited at the interface between
carbon and sulfur. The small molecular sulfur is encapsulated within
the carbon mesopores. (a) Picture of tree. (b) Cross-sectional SEM
image of wood trunk. (c) Schematic of a single wood fiber. The gray
color indicates the mesopores along the fiber. (d) Schematic of the
CMWF after carbonization. The CMWF provide excellent electron
transfer paths in the sulfur lithium battery. (e) Schematic of the f-
CMWF with ALD Al2O3. The red color indicates Al2O3. (f) Schematic
of sulfur infiltration in the Al2O3 coated f-CMWF. The yellow spheres
represent sulfur.

Figure 2. SEM and TEM images of CMWF derived from wood fiber
electrode. (a) Photograph of CMWF. SEM images of CMWF to show
the fiber morphology (b) and porous structure (c). (d) High-
resolution TEM image of CMWF.
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electrolyte in the CMWF, are inherited from wood microfibers,
taking on a function as electrolyte reservoir. The high-
resolution TEM image in Figure 2d suggests the obtained
carbon is an amorphous carbon with visible secondary pores
(>20 nm), which are too large to confine polysulfides and
alleviate shuttle reaction.46 It is pivotal to check if there are
mesopores in CMWF and f-CMWF, which are invisible in SEM
and TEM images. Thus, BET measurements are performed to
confirm the existence of small size mesopores in f-CMWF.
As shown in Figures 3a and S3, the mesopores with sizes

ranging from 3 to 12 nm exist in f-CMWF. The leftmost peaks

at indicate even smaller pores (<3 nm) also exist in the fiber.
The specific surface area and pore volume of f-CMWF are 586
m2 g−1 and 0.27 cm3 g−1, respectively. After sulfur infiltration,
two peaks centered at the pore width of 5.7 and 7.8 nm shift to
smaller values of 4.5 and 6.9 nm, respectively, demonstrating
that the mesopores are filled with sulfur and the pore size
becomes smaller. S/f-CMWF exhibits a specific surface area of
159 m2 g−1 and a pore volume of 0.0798 cm3 g−1. Therefore,
SEM, TEM, and BET results confirm the porous structure of f-
CMWF. The pores created for metabolism in trees are well-
maintained after the fiber disintegration and carbonization
process. The pores, especially the pores smaller than 5 nm, are
able to confine sulfur in the conductive carbon matrix.
The content of sulfur in CMWF and f-CMWF is investigated

by the thermogravimetric analysis (TGA). Demonstrated in
Figure S4, both carbon films show very small weight loss of 4
and 8% in the temperature range from 80 to 800 °C,
respectively, while the weight loss of carbon films with sulfur
infiltration remarkably increases to 74 and 84% for S/f-CMWF
electrode and S/CMWF electrode, respectively, demonstrating
high sulfur loading of 70 and 76% in f-CMWF and CMWF.
The high sulfur loading is due to the large pore volume of
CMWF, which makes the current collector-free, binder and

conductive additive-free electrodes very promising for LSB. The
XRD patterns in Figures 3b and S5 show the XRD peaks for
pristine sulfur, CMWF, f-CMWF electrode, S/CMWF, and S/f-
CMWF electrode. No sharp peak can be observed in XRD
patterns of CMWF and f-CMWF electrode, demonstrating
amorphous structure of carbonized fiber before and after ALD,
consistent with the result of high-resolution TEM in Figure 2d.
After sulfur infiltration, the sharp peaks for sulfur can be
observed in S/CMWF electrode, demonstrating successful
sulfur infiltration in the mesoporous carbon, while the sulfur
peaks in S/f-CMWF electrode are not as sharp as that in S/
CMWF electrode. The Raman spectrum of f-CMWF in Figure
3c confirms the formation of conductive carbon after high-
temperature carbonization of wood microfiber. The two sharps
peaks at 1345 and 1595 cm−1 represent sp3-type disordered
carbon and sp2-type graphitic carbon, respectively with an
intensity ratio close to 1.
The distribution of sulfur in the CMWF is characterized

using SEM elemental mapping and high-resolution TEM
(HRTEM). As shown in Figure S7a,b, most sulfur penetrated
into the pores in the carbon fiber with a small quantity of sulfur
coated on the S/CMWF electrode surface, while no sulfur can
be observed in HRTEM image of the pure CMWF in Figure
S8. The morphology of S/f-CMWF electrode is similar to that
of CMWF as shown in Figure S6. SEM image (Figure S7c) and
elemental mapping (Figures S7d and S9) of carbon, sulfur, and
aluminum in the S/f-CMWF electrode show uniform
distribution of Al and S in the S/f-CMWF electrode. No sulfur
layer can be observed in HRTEM image of the S/f-CMWF
electrode in Figure S10, demonstrating that most sulfur is
encapsulated by mesopores in f-CMWF. As indicated by the
SEM and TEM images of CMWF, the native pores are too
large to confine sulfur, so extra sulfur is deposited on the
surface of CMWF, while BET, elemental mapping, and
HRTEM results indicate that the mesopores in f-CMWF are
small enough to confine most sulfur. Therefore, S/f-CMWF
electrode can be a promising cathode material for LSB.
The electrochemical performance of S/CMWF electrode and

S/f-CMWF electrode is measured in coin cells. As shown in the
cyclic voltammetry (CV) curves for S/CMWF electrode in
Figure 4a, three cathodic peaks at 2.25, 2.05, and 1.35 V and
two anodic peaks at 2.1 and 2.4 V are observed in the first scan.
The peak at ∼2.25 V corresponds to the lithiation of S8 to
soluble high-order polysulfides, confirming that S8 on the
surface is dissolved in the electrolyte during initial cycles; thus,
severe shuttle reaction accompanied by fast capacity decay is
displayed in S/CMWF electrode.47−49 The peak at 2.05 V is
attributed to the conversion of high-order polysulfide to low-
order polysulfides, representing the redox reaction between S
with Li during lithiation process in literatures.49,50 The last peak
at 1.35 V stands for the lithiation of small sulfur molecules
(S2−3), which can form insoluble lithium sulfides through the
reaction with Li+; thus, this peak is highly stable during the
subsequent cycles. After the first scan, a shift of the peaks to the
positive direction is observed due to the volume expansion of
carbon matrix. To further characterize the electrochemical
performance of sulfur in the carbon matrix, galvanostatic
charge/discharge tests are carried out. Three lithiation plateaus
at 2.35, 2.05, and 1.55 V, corresponding to three cathodic peaks
in CV curves, can be observed in Figure 4b, while one slopping
delithiation plateau centered at 2.1 V and one flat plateau at 2.4
V, corresponding to two anodic peaks in cyclic voltammogram,
can also be observed.

Figure 3. (a) BET dV(d) pore volume vs pore width distribution
curve of the f-CMWF before and after sulfur infiltration. The black
curve indicates the pore distribution before sulfur infiltration, and the
red curve indicates the pore distribution after sulfur infiltration. The
shift of the peaks indicates that the pores become smaller after sulfur
infiltration. (b) XRD patterns for pristine sulfur, f-CMWF, and S/f-
CMWF electrode; (c) Raman spectrum for f-CMWF.
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For S/f-CMWF electrode, only large redox peaks at 1.55 and
2.1 V are observed after first cycle, attributed to the lithiation/
delithiation of sulfur confined in mesopores as presented in the
previous reports.51,52 In Figure 4c, the redox peaks for high-
order polysulfide (Li2S8) are very small and only observed in
the first lithiation, while the redox peaks representing lithiation/
delithiation of small sulfur molecules are much stronger than
that in S/CMWF electrode, suggesting that S/f-CMWF
electrode should have much better electrochemical perform-
ance. In galvanostatic charge/discharge curves (Figure 4d),
there is only one pair of redox plateaus at 1.65 and 2.1 V for S/
f-CMWF electrode, coincident with the CV curves in Figure 4c.
No plateau for high-order polysulfides is observed, demonstrat-
ing that most sulfur is confined in the mesopores. During the
initial cycles, the lithiation of the Al2O3 layer coated on the
surface of carbonized wood fiber proceeds to form a
thermodynamically stable phase composed of Li3.4Al2O3 as
reported by Han et al.53 The interaction between small sulfur
molecules and Li3.4Al2O3 may also contribute to stabilize sulfur
in the mesopores.

In the cycling test (Figure 4e), the S/CMWF electrode
delivers an initial capacity of 1246 mAh g−1 at 400 mA g−1,
while it suffers from fast capacity fading that the reversible
capacity decreases to 442 mAh g−1 in the 30th cycle. The fast
initial capacity loss is caused by the dissolution of sulfur on
CMWF surface. For comparison, S/f-CMWF cathode delivers a
relatively lower initial capacity of 1115 mAh g−1 at 400 mA g−1

and maintains a reversible capacity of 859 mAh g−1 for 450
cycles, corresponding to a very slow capacity decay rate of
0.046% per cycle. The better cycling stability for ALD-treated
sample is ascribed to the thin layer of Al2O3, which reduces the
pore size of CMWF to form more mesopores/micropores. The
native pores of CMWF are too large to confine polysulfides,
while the mesopores, formed after Al2O3 deposition, are ideal
to confine polysulfides. The rate capability test (Figure 4f) is
then carried out to check S/f-CMWF electrode under various
current densities. At a low current density of 100 mA g−1, S/f-
CMWF delivers a high reversible capacity of 1000 mAh g−1.
When the current density increases to 4 A g−1, the capacity can
remain at 430 mAh g−1. The excellent capacity retention is

Figure 4. Electrochemical characterization of S/CMWF electrodes and S/f-CMWF electrodes. (a) CV performance for S/CMWF electrode at the
first three cycles. (b) Galvanostatic charge/discharge performance of S/CMWF electrode. (c) CV for S/f-CMWF electrode at the first three cycles.
(d) Galvanostatic charge/discharge performance of S/f-CMWF electrode. (e) Cycling stability test of S/CMWF electrodes and S/f-CMWF
electrodes. (f) Specific capacity under different current density (rate performance) of the S/f-CMWF electrode.
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owed to the high conductivity and meso- and microporous
structure of f-CMWF electrode, which facilitate the transport of
lithium ion and electron in the electrode. After the current
density is tuned back to 100 mA g−1, the reversible capacity
recovers immediately, demonstrating the superior robustness
and integrity of the electrode.

■ CONCLUSION

The f-CMWF electrode with unique hierarchical and
mesoporous structure is first used as a host for sulfur cathode.
Due to the high porosity of CMWF, 76 wt % sulfur can be
infused into CMWF, which is a record high compared to the
sulfur content in most reported work. Al2O3 deposition, which
reduces the pore size of CMWF and slightly decreases the
content (70 wt %) of sulfur in f-CMWF, remarkably enhances
the cycling stability of sulfur cathode. The S/f-CMWF cathode
delivers an initial capacity of 1115 mAh g−1 at 400 mA g−1 and
maintains a reversible capacity of 859 mAh g−1 for 450 cycles,
corresponding to a very slow capacity decay rate of 0.046% per
cycle. More importantly, the free-standing S/f-CMWF cathode
is a current collector-free, binder and conductive additive-free
electrode, which contains negligible electrochemical inactive
component. The result in this work is not only important for
fundamental study in LSB, but also important for using low
cost and mesoporous biomass carbon as bifunctional scaffold
for sulfur encapsulating.

■ EXPERIMENTAL SECTION
Fabrication of CMWF. Natural wood fiber used in this work was

from bleached pulp. Typically, 0.5 g of Kraft bleached softwood pulp
was slushed into 100 mL of deionized water (DI water) and then
mechanically stirred for 30 min at a speed of 1000 r min−1. The pulp
dispersion was then filtered by a vacuum filtration process through a
membrane (diameter: 90 mm, pore-size: 0.65 μm, Millipore, U.S.A)
and dried at 80 °C. Then, the wood fiber electrode was transferred
into a tube furnace and stabilized at 240 °C for 8 h before being
further carbonized at 1000 °C under argon for 2 h. The purpose of
stabilizing bleached pulp at 240 °C for 8 h is to dewater the wood
fiber, which can increase the yield of final product. From TGA (Figure
S1), bleached pulp starts to be decomposed and carbonized at 300 °C,
and it loses 90% of its initial weight at 800 °C.
Atomic Layer Deposition Method. ALD Al2O3 was carried out

in a commercial BENEQ TFS 500 reactor (base pressure: 2 mbar).
The process was done using trimethyl aluminum [TMA, Al(CH3)3]
and DI water as precursors at 150 °C. The pulse time for TMA and DI
water cycles were 250 ms. The thickness of the ALD Al2O3 deposited
on Si wafer after 50 cycles was about 5 nm, as determined by a SOPRA
GES5 spectroscopic ellipsometer.
Sulfur Infiltration Process. Sulfur and CMWF were mixed and

sealed in a glass tube under vacuum with a weight ratio of 5:1. The
sealed vacuum glass tube was first annealed in an oven at 600 °C for 5
h and then cooled to room temperature in 24 h. The resulting S/
CMWF was collected and used as electrode for the battery test. A
similar method is used to synthesize S/f-CMWF electrodes.
Material Characterizations. TGA (TA Instruments, USA) was

carried out with a heating rate of 10 °C min−1 in Ar gas; XRD pattern
was obtained by Bruker Smart1000 (Bruker AXS Inc., USA) using Cu
Kα radiation. BET measurements were conducted using N2 absorption
on Micromeritics ASAP 2020 (Micromeritics Instrument Corp., USA).
Electrochemical Measurements. The free-standing S/CMWF is

used as electrodes for LSB. The mass loading of the electrode is ∼1.9
mg/cm2, and sulfur mass loading is ∼1.33 mg/cm2. Coin cells were
assembled with lithium metal as counter electrodes, 1.0 M
bis(trifluoromethane) sulfonimide lithium salt (LiTFSI) in a mixture
of dioxolane/dimethoxyethane (DOL/DME, 1:1 by volume) with 1%
LiNO3 as the electrolyte, and Celgard3501 (Celgard, LLC Corp.,

USA) as the separator. An Arbin battery test station (BT2000, Arbin
Instruments, USA) was used to measure the electrochemical
performance. Capacity was calculated based on the weight of sulfur.
CV curves were recorded by Gamry Reference 3000 Potentiostat/
Galvanostat/ZRA with a scan rate of 0.1 mV s−1.
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